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ABSTRACT
Dormancy is a profound and ancient adaptation found in a wide
spectrum of plants and animals of all habitats. In diapause the switch
between active and dormant states is driven by hormonal mechanism
that usually includes a photoperiodic pace-maker. Temperature, food
limitation and some other stress factors as well are shown as driven by
diapause induction in aquatic invertebrates. In the last decade,
diapause studies from a wide variety of topics have demonstrated that
diapause switch mechanisms may be developed to create novel applications in biotechnology. Resting eggs accumulated in the surface
lake sediments represent a “bank” of zooplankton species that assures
their persistence in a community, in spite of periodic harsh conditions.
Studies on the vertical distribution of resting eggs in sediment
cores yield useful information to opening important perspectives for
paleolimnological climate reconstruction and paleoecology. Cultivation of live food, like rotifers, Daphnia, Artemia or marine copepods
is an expanding application of practical use of diapause in modern
aquaculture. Biotechnologies can now be imagined for maintaining
ecosystems outside the Earth’s biosphere. Resting stages provide at
least two properties highly suitable for such ecosystems. They can be
easily transported in space for a long time without special care as
compared with an active ecosystem. Also, a storage of seeds and
diapausing animals will provide a reserve in case of an unpredictable
destruction of the active part of an ecosystem caused, for example, by
a meteorite strike.
The term alien species takes on a new meaning when one
considers another aspect of space biology. By enlarging the distribution area of the species, colonization of new environments could be a
safeguard against its extinction. Thus it would also be important to
develop technologies to guard against invasions of other species via
ship ballast waters and similar means..
We also suggest that molecular genetic insights of diapause in
invertebrates provide new ways of looking at carcinogenesis. Tumour
cells may have parallels in post-diapause embryonic cells.
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INTRODUCTION
The first diapause studies became possible only in
the early 20th century, when new quantitative approaches
made it possible to estimate seasonal rhythms. This
interest in seasonal alternation of active and resting life
cycle periods triggered a proliferation of sub-fields in
botany, entomology, ornithology and mammology.
Noticeable progress in theory, and then practice, was
achieved in these fields [43]. Only after mid-century,
however, did data on the formation, progression, and
significance of diapause in the life cycle of aquatic
invertebrates begin to be understood, along with understandings of research on a narrow range of systematic
groups [54, 109, 110, 132]. In addition, only in recent
years have the results in this field of study been generalized in a preliminary fashion for crustaceans [6, 16,
44]. This paper reviews diapause in aquatic invertebrates and presents its recent scientific and practical
applications.
1. Definition and peculiarities of diapause in aquatic
organisms
In both continental and oceanic waters, aquatic
organisms exhibit conditions that are characterized by
wide ranges of heterogeneity. This heterogeneity is
mainly determined by the annual cycle of solar radiation
and is also influenced by wind and water current activity
and directions [90]. The two main strategies organisms
use to adapt to environmental heterogeneity are resistant and tolerant strategies. The first is based on responses to stress either at an individual or group level,
actively overcoming environmental stress. Migration is
an example of resistant strategies [67]. Tolerant strategies are characterized by minimizing vital functions
or/and forming resistant (dormant) stages.
At high and mid-altitudes, and at different times in
the tropics, invertebrates adapt to seasonal conditions
by adjusting their life cycles to these periodic fluctuations in external factors. Periods of reproduction and
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population growth may either shift to certain periods of
the year, or be delayed during unfavorable periods. As
a result, life cycles can be seen as having alternating
periods of active reproduction and population growth
with periods where these processes are delayed, or
stopped. The latter has been called dormancy. The
best-defined types of dormancy according to the cause
of the arrest in development are diapause and quiescence.
Quiescence is driven directly by the dynamics of environmental factors, whereas diapause is determined by a
predictive mechanism combining environmental signals and an internal hormonal mechanism [43]. The
regulatory hormonal system acts at the organism and the
single cell level. It always includes both inhibition and
stimulation of vital processes [28].
A wide range of aquatic organisms exhibit diapause,
or similar dormancy states (Table 1). It is interesting
that, practically in all plant and animal phyla studied,
photoperiod plays a leading role in the seasonal biological clock of organisms. Professor Alexander Danilevsky,
the founder of a school of photoperiodism in invertebrates, argues that the mechanism of photoperiodic
response is based on a common principle in all organisms.
His ideas are supported by a comparison of photoperiodic responses (PPR) in the induction of insect,
crustacean, rotifer and even plant diapause [6, 96, 121].
These aquatic organisms share many similarities,
not only in common principles but also in details of
diapause induction, termination and life cycle organization [6]. This suggests a monophyletic origin of this
ancient adaptation and a similarity in the molecular
basis and genetics of diapause mechanisms among these
organisms.
The adaptive function of diapause applies both to

biorhythms and defensive responses [43]. Biorhythms
determine synchronization of the life cycle with environmental seasonal rhythms. Defensive traits allow an
organism to endure the actions of the complex set of
suppressive or even lethal factors occurring during an
unfavorable period.
The defensive function of diapause provides an
organism unspecific resistance to a wide complex of
unfavorable actions. It is based on reducing the metabolic rate. In the case of anabiosis, the metabolic rate
approaches zero [126]. Secondly, a variety of protective structures can be formed. Typically their size and
characteristics, both morphological and physiological,
help maintain a good viability level until the end of the
harsh environment [50]. Examples are gemmules,
shelves of resistant eggs, cysts, cocoons, statoblasts and
ephippia [75]. Diapausing eggs may even maintain
viability after passing through the digestive system of a
predator, while normal eggs of the same species are
digested [60].
Diapausing eggs contain nutritive storage
substances. Given the depressed metabolism, the quantity of storage substances can suggest the duration of
diapause [137].
Consequently, the post-diapause (exephippial)
generation may grow faster, mature earlier and have
greater fecundity than the individuals from parthenogenetic females [20, 21]. In addition, the exephippial
individuals also have significantly higher levels of metabolites than individuals from parthenogenetic eggs
[23]. As a result, the daphnids hatching from diapausing eggs are better adapted to optimal environmental
conditions, while those from parthenogenetic eggs are
better adapted to an unpredictable environment [22].

Table 1. Diapause in aquatic organisms [6]
Types, classes

Species

Diatomea
Spongia
Coelenterata
Turbellaria
Nemertini
Rotatoria
Polychaeta
Oligochaeta
Crustacea
Insecta
Mollusca
Bryozoa
Echinodermata
Pisces

Coicinodiscus coicunus
Halichondria panices
Aurelia aurita
Hemaniella retunuova
Prostoma graescense
Notommata copeus
Dinophilus teaniatus
Aelosoma hemprichii
Daphnia pulex
Culex pipiens
Sepia officinalis
Lophopodella carteri
Stichopus japonicus
Nothobranchius gardneri

Diapausing stages
Aukospora
Gemmules
Plannules
Eggs
Cysts
Eggs
Cysts
Cysts
Eggs
Eggs
Larvae
Statoblasts
Adults
Eggs

Suppressed function
Development
Development
Embryogenesis
Embryogenesis
Growth
Embryogenesis
Growth
Growth
Embryogenesis
Embryogenesis
Maturation
Development
Growth and breeding
Hatching
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Physiological functions are suppressed in diapause.
In larval and adult diapauses, there is a reduced rate of
oxygen consumption (Figure 1). In addition, other
functions (nutrition, mobility, reproductive activity)
are also suppressed [7, 62]. Defensive functions may be
met from a combination of physiological and behavioral
responses, including such things as vertical and horizontal migrations and searching for shelters [8]. Even
though the combination of behavioral, constitutional
and metabolic elements is usually species- or even
population-specific, there are many common features in
the range of each type of diapause.
The duration of diapause is determined by the
combined effect of four general groups of factors. These
are genetic characteristics, the result of selective
mechanisms, environmental constraints, and the
organism’s physiology [58]. However, typically the
decrease of oxygen consumption is most important in
determining diapause duration (Figure 1). The relative
importance of other factors varies according to the
situation.
During the period of adverse environmental
conditions, diapause preserves an adequate number of
viable individuals from a species-population to assure
its permanence in the community [43]. And yet, to
achieve this aim the duration of the diapause can neither
be too short nor too long. It cannot be shorter than the
period of unfavourable conditions; neither can it be so
long that the mortality in the passive individual increases greatly from such things as predation and bacterial and fungal infections [6, 46, 82].
2. Ecological stimulants of diapause in aquatic organisms

Decresing of oxygen consumption,
in % from standard for the organism

What conditions argue evolutionarily for diapause?
What are the factors which suggest diapause is necessary in an organism’s life cycle? There are at least two
demands, that diapause be both important for life and
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Fig. 1. The correlation between duration of diapause and decrease of
oxygen consumption for crustaceans. 1-3, species with embryonic diapause; 4-11, species with larval diapause; 12-14, species
with abult diapause [11].
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occur in a periodic fashion. Such factors would guarantee the appearance of diapause and likely lead to its
natural selection in populations [120].
Seasonality occurs from the subtropics to the arctic.
These meteorological rhythms lead to cyclical pulses of
the main factors important for life. This is equally true
in the atmosphere, on land and in both continental and
oceanic waters. For the overwhelming majority of
aquatic organisms the warm season of the year is the
most favorable. In high latitudes it is often the only
period in which life functions can thrive. The appearance
of favorable temperatures is determined by one of the
most stable processes, the revolving of the Earth.
Therefore, seasonal fluctuations of temperature should be
regarded as one of the most important factors triggering
development of diapause among aquatic invertebrates.
Periodic trophic conditions are also essential regulators for aquatic animals. The significance of trophic
factors in the induction of diapause has been experimentally supported many times [71, 112, 117, 135]. For
many crustaceans, especially those who live near the
bottom of the deepest part of highly trophic basins, the
winter and summer decline of oxygen concentration
likely triggers diapause, and leads to the interruption of
active development [14, 81].
Another periodic factor is predation. Outside of
tropical waters, the pressure of predators, especially
juvenile fish, is a likely trigger. Some authors consider
it to be the main cause of the appearance of diapause in
these habitats [55, 87].
Two main strategies appear to have evolved to
help aquatic invertebrates avoid fish predation. One is
migration into oxygen depleted zones to find a refuge.
This has been shown for cyclopoid copepods [51, 98,
122]. Diapause in cyclopoid copepods reduces basic
metabolism so they are able to remain in refuge for
months until juvenile fish leave the plankton for near
shore areas [13, 14].
Another strategy to avoid fish predation is to form
resting eggs that are stable enough to survive passage
through fish digestive systems [60]. If these eggs can
still reactivate later, at least part of the population will
survive until the beginning of the next season. This
adaptation has been found in some clones of large sized
Daphnia magna living in shallow ponds [95, 103].
In some water basins diapause may also lead to a
decrease of the crustaceans’ survival or even lead to
their extinction from certain ecosystems [6]. In the
diapause state, along with reduced metabolism, their
behavioral reactions and speed are also reduced.
A special factor that selects organisms for their
ability to form diapausing stages is the drying of temporary basins. Field data and experimental analyses show
that dormancy is present in different orders of crusta-
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ceans inhabiting temporary basins [3, 35, 84].
In temperate and polar areas dormancy seems to be
a common strategy for surviving low temperatures.
Earlier authors have argued that this proves dormancy
originated in these regions. It is clear, however, that
other forms of seasonality in tropical regions are equally
unique. One periodic influence is monsoon rainfall
[131], supported by studies of oceanic calanoid copepods from tropical upwelling environments [61, 92, 119].
The periodic lack of biogenic income from the deeper
layers is similar to the situation in basins that dry
seasonally. Because the gradient of trophic conditions
is huge near algal blooms and regions outside of the
upwelling zone, the crustaceans, which occur outside of
the bloom or that experience the end of a bloom, feel the
same as if their environment has “disappeared.” In such
situations some calanoid copepods, for example Calanus
hyperboreus, demonstrate the ability to form diapausing stages. These stages sink to a depth of 400 m where
low oxygen concentrations occur. Here they stay until
new local upwelling lifts them up to the surface. When
this happens they again start new generations that will
find themselves in a temporary flowering “oasis” of
food.
In the middle of the last century it was postulated
that the ability of invertebrates to form diapausing
stages decreased from high latitudes to the equator. It
was speculated that this would occur because of the
reduction of hydro-meteorological seasonality [43].
More recently, investigations indicate that this idea
should be revised. It is now evident that diapause
appears wherever annual or seasonal rhythmic fluctuations of important life factors take place [6, 8].
3. Resistance to toxins in resting stages
Resting eggs of many species of aquatic invertebrates and plants as well as spores of fungi and bacteria
express a very high stability in the presence of toxic
agents of different origin. Some are chlorine and insecticides [4], heavy metals including mercury [74], formalin and other organic poisons [138]. This non-specific resistance is based both on suppressed metabolism
in these stages and special selectivity in the propagule
membrane [57]. Resistance to toxic agents in some
species can persevere. In nematodes resistance was
tracked for 10 years [138].
An overview of data on resistance to toxic matter
found in diapausing stages of aquatic organisms is given
(Table 2). Such data suggest even wider possibilities
for resting stages to overcome extremely harsh conditions in the environment and during transportation (e.g.,
in ship ballast water).
A sense of the protective functions of membranes

can be found in the fire shrimp A. salina. Resting stages
of this species could survive in a mercury solution 10
million times the concentration toxic to normal stages
(Table 2). These embryos survived inside the protective
membrane and immediately died after release from the
membrane. Imitating the situation with ballast water,
clear water was used after a 3-day treatment in toxic
water. In these studies the embryo survived and successfully grew (Alekseev’s personal observation,
unpublished). The membrane therefore is impermeable
to poisons but permeable to water and oxygen [74].
INDUCTION OF DIAPAUSE
For well over a century it has been clear that sexual
reproduction and the appearance of diapause eggs
(ephippia) can be triggered by changes in ecological
factors such as temperature, food source and population
density [128].
Banta and Brown [25] showed that female parthenogenesis could account for up to 800 generations of
Daphnia pulex. However, by manipulating temperature,
quantity of food and population density, males could be
easily induced. Berg [27] suggested that the appearance
of males was a function of the physiological state of
females (stress theory). This state could be achieved
once a background state of unfavorable factors was
present. This occurred with a range of many factors, and
thus was not specific [85]. Diapause induction occurred
under the influence of isolated factors such as starvation
[117], low temperature [56], food quality [99], diseases
of females [135], pH [86], predator’s smell [103], alarm
signals [95] or the presence of some insecticidal hormones [91].
The first experiment conducted by Fries [49] on D.
magna showed that photoperiod, together with
temperature, triggered gamogenesis. Then Stross [110,
112] determined that photoperiod is an essential factor
for daphniid life cycles to synchronize with seasonal
rhythms of the environment. Other investigations also
showed that this factor is very significant in the transition of Cladocera to sexual reproduction and induction
of their embryonic diapause [32, 66, 100, 101].
Photoperiod also plays a leading role in the induction of embryonic diapause in Calanoid copepods. In
the marine environment Marcus’ [77, 80] works proved
that the ratio of day to night determines the percentage
of diapause eggs in sacs of the copepod Labidocera
aestiva. These calanoids at times completely stop laying subitaneous eggs under the influence of this factor.
Hairston and Olds [60] showed the role of photoperiodism in causing the freshwater copepod Diaptomus
sanguineus to switch from laying subitaneous eggs to
producing diapause eggs. These authors also showed
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that photoperiodic responses of populations from neighboring basins were different. This difference might be
caused by differences in trophic conditions and population densities, which, together with photoperiod, participate in diapause induction. Also, maternal effects
might influence the diapause signal in these populations,
as they do for some cladocerans [9, 10].
In general, it should be assumed that embryonic
diapause induction depends essentially on seasonal fluctuations of night and day lengths. Other factors may
also operate to induce this type of diapause but very
often they work along with photoperiod.
Investigations of larval diapause in cyclopoid copepods show that similar factors trigger diapause. Some
causal factors triggering a change from active development to dormancy are lower water temperatures [88,
122], food depletion [87], oxygen depletion in the hypolimnion [47], H 2 S contamination and foraging by
fishes [55, 87]. Further experiments proved the essential role of seasonal fluctuations of day and night lengths
in induction of larval diapause for freshwater cyclopoids
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[3, 37, 111].
Experimental research on some decapod crustaceans also proved the essential role of photoperiod in
the induction of adult diapause [1, 2].
All of the above examples are facultative types of
diapause. Obligatory diapause is genetically fixed, and
does not require an inductive mechanism. In these
cases, reactivation conditions become the most important consideration [43]. Monocyclic development of
many species may be overcome by environmental factors.
A good example of this is the experimental manipulation causing a doubling of the number of molts and
missing of diapause in the crayfish Astacus astacus
from Sweden [129].
In summary, the following are the main inductive
factors for invertebrate diapause: photoperiod, trophic
conditions, temperature, and population density. All
may usually act in combination but sometimes
independently. Effect of density may be manifested
either through food supply or by signal action of chemical and/or behavioral agents.

Table 2. Maximal concentrations of toxic agents in which embryonic development of aquatic invertebrates takes place
in experimental and field conditions [4, 74, 75]
Toxic/ notoxic
solution, times

Duration,
days

Reference

6 250
200

5
5

2
3

K2Cr2O7
Phenol
Formalin

4 650
6 200
100

5
5
5

2
3
3

Cl-1

10 000

5-10

1

K2Cr2O7
Phenol
Formalin

100 000
156 000
8 000

3-5

2
3
3

10 000
100 000
2 000 000
10 000

5-10
3-5
3-5
5-10

1
2
3
1

K2Cr2O7
Phenol
Formalin

62 500
31 000
800

3-5
3-5
3-5

2
3
3

Daphnia magna

Cl-1

10 000

5-10

1

Ostracoda

Heterocypris
incongruens

K2Cr2O7
Phenol
Formalin

4 650
125 000
320

3-5
3-5
3-5

2
3
3

Cyclopoida

Cyclops strenuus

Cl-1

10 000

5-10

1

Classes, orders

Species

Resting stages

Toxic agents

Porifera,
Demospongia

Ephidaria sp

Gemmuls

K2Cr2O7
Formalin

Bryozoa
Phylactolaemata

Plumatella
fungosa

Statoblasts

Crustacea
Notostraca

Triops
cancriformes

Resting
eggs

Anostraca

Artemia salina

HgCl2

10 000 000

Conhostraca

Lymnadia sp.

Cl-1
K2Cr2O7
CuSO4
Cl-1

Cladocera

Daphnia cucullata Ephippii
(resting eggs)

Copepodit
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A further distinction can be made in all these
inductive factors, between signals (among which photoperiod is the most important) and ecologically important conditions (e.g. trophic conditions). An important
intermediate factor is temperature. In a certain range of
conditions it acts as a signal; then, when its values
exceed tolerance levels, as an ecological condition. The
effect of density is analogous. The only difference is
that the action of signal agents (metabolites
accumulation, hormone secretion and/or tactil contacts
between specimens) operates within tolerance limits
(compared with temperature), and frequently acts in
conjunction with trophic conditions. Among all these
factors, photoperiod is the most stable and is closely
correlated with the seasonal transformation in amount
of solar energy.

the first clutch size, and even the survival of the parthenogenetic offspring.
Reserve materials, stored by diapausing organisms at the end of their previous season, are available
and used at the beginning of the next season. Thus, even
when food is limited, they serve as the basis for successful reproduction of cladocerans [115]. This conveniently reduces the divergence between the time of
reactivation and that of the mass development of food
organisms (especially phytoplankton microalgae).
PPRs may be divided into long-day and short-day
ones according to the length of the photoperiod inducing diapause (Figure 2). These types are evidently
alternative. With one species, a long day serves as a
signal for transition to active development, whereas for
another, it may be a signal to enter diapause. Most
crustaceans develop throughout the warm period of the
year and thus short-day PPRs are the most widespread.
PPRs may be presented as graphs, where day length
(hours) is plotted along the X-axis and the number of
diapausing specimens (%) or some other quantity is
plotted along the Y-axis (Figure 2). PPR-threshold
(50% response) is a very important statistic of the PPR.
The range of the zone of reaction, which to some degree
is due to population or clone polymorphism, is ecologically significant. Species with a narrower zone of
reaction have less variation in their response to day
length.
The PPR-threshold and the width of the zone of
reaction regularly change under the influence of other
factors (e.g. temperature), which participate together
with day length in the realization of photoperiodic
responses. All of this information permits phenological
predictions [6].
When different species are compared, it may be
necessary to identify species with the greatest plasticity

1. Diapause as a photoperiodic response
There are two main groups of photoperiodic responses (PPR) in Crustacea: qualitative and quantitative PPR. Quantitative responses are changes of some
measurable characteristic (e.g. body length, fecundity),
which occur under the influence of an increase or decrease in day length. During qualitative PPR, organisms change between alternative states. These might
include development with or without diapause, parthenogenetic reproduction or gamogenesis (Figure 2b, c).
Quantitative PPRs are more known among crustaceans with adult diapause. One such example - decrease
of time intervals between moults - was found for the
isopod Armadillidum vulgare [64].
As another example, Daphnia pulicaria, the first
results obtained on the life cycle parameters affected by
quantitative PPR were quite impressive [10]. In this
species, photoperiod influenced the maturation time,

Diapause, %
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Fig. 2. Quantitative (a, b) and qualitative (c, d) photoperiodic responses (PPR) in Crustacea. a. Long-day and short-day diapause induction in
Diacyclops navus and D. sp. (modified from Watson and Smallman [125]); b. Diapause induction in two alternative lines of Macrocyclops
albidus (after Alekseev [3]); c. Growth of body mass in a phyllopod Streptocephalus torvicornis (modified from Roshina 1985); d. Activation
of females in crevete Palaemones varians after winter diapause (after Bouchon et al. [30], with modification.
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2. Effects of population density
What are the possible signals for changes in population density? Some of these signals appear to be food
cessation, worsening of food quality, increase in concentration of the signal (e.g. increase in metabolites,
pheromones or hormones) or the number of tactile
interactions. Ecological significance of these factors
appears to vary widely.
The trophic conditions promoting transition to
gamogenesis may reach significant levels rather easily
even if population density of the consumer is relatively
low [113]. This occurs through changes in structure or
quality in food organism communities. On the contrary,
necessary contents of metabolites or number of tactile
interactions may be achieved only under high, particularly constant, concentrations of organisms. There is a
suggestion that this limitation in high metabolite concentration may be removed when crustaceans become
more sensitive to factors like metabolites and/or tactile
interactions [103].
About a century earlier, the common belief was
that the transition to gamogenesis was determined by
worsening of trophic conditions. At that time some
researchers suggested otherwise that, changes in the
food quality was the most important [99]. Others considered that change in the type of reproduction was
triggered by starvation [117]. Later, Von Denn consid-

ered that food quality determined appearance and accumulation of fat in bodies of Moina macrocopa females
and this, in turn, caused formation of males and ephippia.
These experiments, however, rarely took into account photoperiodic conditions, and this is believed to
seriously compromise the results. The situation changed
when gamogenesis induction studies carefully tracked
photoperiod, density and temperature together [33, 34,
66, 110, 112].
The most detailed data on the combined effects of
these factors on Cladocera gamogenesis induction was
obtained by Stross [110, 112]. Using threshold densities,
the effect of photoperiod (facultative, but rather essential from the ecological point of view) is expressed as
the change necessary to trigger a change of reproductive
mode.
In permanent basins, where populations are not
large because crustaceans are eaten by predators
(presumably fishes), dynamics of food conditions are
likely the most important factor. However, in temporal
basins where consumers do not limit the quantity of
crustaceans, density becomes the most important factor.
While moving from south to north, the signal effect of
photoperiod noticeably increased. Starting at 20 hours
of light, all females of Daphnia middendorffiana formed
ephippia. This was independent of their density. However under day-and-night illumination the number of
ephippial females was density dependent [116].
The combined effect of density and photoperiod
on transition to larval diapause was registered in desert
rain pools with the copepod Metacyclops minutus (Figure
3).

1

2

100

Diapause, %

in their response to photoperiod. This information may
be useful for understanding the acclimatization and
range expansion of introduced (alien) species [5, 94].
Appearance patterns of PPRs in aquatic organisms
can be subdivided into gradual and threshold responses
[6]. The latter appear in a narrow photoperiodic range,
while the former occur throughout the whole range of
photoperiods. Generally, threshold responses are characteristic for diapause, but they also involve other phenomena such as crustacean vertical migrations or mortality in different seasons [8]. Besides absolute (scalar)
values of day and night lengths, the direction of the
vector of photoperiod change (increase or decrease of
day length) may also be essential for realization of PPRs
by crustaceans [65].
Danilevsky [43] considered PPR-types to be a very
fundamental adaptation because it determines the whole
complex of environmental conditions for the species,
such as temperature, food presence and predation risk.
Most surprising are cases where contrasting responses
to day length exist within one species, as noted for some
insects [102] and the littoral cyclopoid Macrocyclops
albidus [6]. Oddly, no reproductive isolation was found
between the groups with long-day and short-day responses [10, 12, 15, 16].
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Fig. 3. Combined effect of population density and photoperiod on
diapause induction in the cyclopid Metacyclops minutus. 1. day
length 12 hours; 2. day length 16 hours; 3. day length 20 hours
(after Alekseev [6]).
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3. Temperature and diapause induction
Temperature is assumed to have a double function
in relation to developing organisms. First, within a
tolerance interval, it directly affects growth and metabolic rates by increasing or decreasing the intensity of
these processes. Second, it can either decrease or fully
interrupt these processes when temperature moves outside the tolerance limits [63]. Temperature also participates in induction, development and termination of
diapause [43].
Mechanisms by which temperature affects actively
developing and diapausing organisms have been well
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studied, and many common features have been identified.
One example demonstrates the combined effect of
both factors acting together and shows why they should
not be considered separately. Photoperiod and temperature effects on gametogenesis were first studied in the
cladoceran Daphnia magna [49]. Both the formation of
ephippia by females and the appearance of males are
regulated by different combinations of temperature and
photoperiod. This happened in two combinations, either short days (4 hours of light) at 18°C, or long days
(20 hours of light) and 11°C (Figure 4). Photoperiod
was influential on each response (appearance of males
or ephippia) in a wide temperature range (8 - 30°C) but
gamogenesis in D. magna was most effective within a
range of relatively low temperatures. Outside that
range, light did not influence the process. Males did not
appear at temperatures below 8°C, while females could
not lay ephippia at temperatures above 30°C.
Temperature influences the formation of diapause
eggs by the marine calanoid Labidocera aestiva [78].
When temperature was reduced, the PPR-threshold of
this species within the range of tested temperatures
shifted rather regularly to longer days. The gradient of
this shift was about 2,5 - 3 hours per every 5°C.
Watson & Smallman demonstrated a temperature

Ephippii, %

Another population density phenomenon is the
blockade of diapause induction for at least the first
generation of cladoceran females hatching from
ephippia. The theory of cladoceran immanent cyclic
rhythms [83, 128] was based on this phenomenon. Blocking the system responsible for changes in the type of
reproduction is probably connected with the reserve
materials in diapause eggs. It may even be transferred
from the female who left ephippium to her offspring
[115]. The reproductive system of the founder is protected (at least temporarily) from the consequences of
sudden food cessation. Therefore the real effect of
trophic conditions is only felt later on. Such conservative reproductive strategies in crustaceans have definite
adaptive significance and are directed to the fastest
colonization of a basin at the very beginning of the
vegetation period.
In nearly all cases where the combined effect of
photoperiod and density on diapause induction has been
studied, the density effect is limited by restriction of the
optimal zone of PPR manifestation (see Stross [114] for
review). Thus a species with a life strategy directed to
rapid development in the presence of increasing food
should also have a more rapid reaction to diapause
induction. They must react to density changes faster
than to photoperiod fluctuations. For example, Moina
macrocopa actively develops under conditions of abundant organic matter. Its gamogenesis depends little on
day length [71].
Low population density also frequently suppresses
the regulatory function of photoperiod. In arid zones,
low density in the inhabitants of temporal basins
(Metacyclops minutus, for instance) is a signal about
not expiring of food resources in environment.
Organisms with only a short active period in their
life cycle, however, cannot allow themselves such a
“luxury” like low population density [6]. For example,
most Cladocera fertilization proceeds to diapause and
therefore it is necessary that opposite sexes meet [104].
Efficiency of such meeting also depends on density.
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Fig. 4. Effect of temperature on male and ephippia production in
Daphnia magna (a) and transformation of photoperiodic response in Diacyclops navus under temperatures as following: 1.
10°C; 2. 15°C; 3. 20°C; 4. 25°C; (b) a. after Fries [49]; b. after
Watson & Smallman [126]
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effect on the propensity to form diapause stages by the
freshwater cyclopid Diacyclops navus [126]. The temperature optimum for this response in Diacyclops navus
was within the range of 10 - 25°C (Figure 4). Above this
range, transition to diapause was inhibited regardless of
photoperiod. Temperature below this range induced
diapause independently of day length.
Most investigations evaluating combined effects
(temperature and photoperiod) on reproductive cycles
deal with the termination of adult diapause [30, 31, 77].
For example, the effect of photoperiod-temperature
conditions on the annual cycle of the crayfish Astacus
astacus was studied by Westin and Gydemo [129]. By
modeling annual temperature rhythms, the authors found
two periods of copulation and breeding (March-April
and August-September) instead of the one which occurs
in natural conditions.
Danilevsky asked what ecological value there was
to PPR having a zone of optimal temperatures [43]. He
found that the transition to diapause tends to be accompanied by accumulation of reserves and reconstruction
of some metabolic pathways. Other changes may occur
under favorable conditions. Photoperiod signals the
approach of seasonal environmental changes. The effectiveness of this signal increases when cold (for shortday responses) or warm (for long-day responses) conditions approach. However, the signal function of photoperiod loses its adaptive value at temperatures outside
the optimal range.
Temperature changes in water have a greater biological significance than those in air. Water has a
greater specific heat than air and in any given day its
temperatures fluctuate less. This may help explain the
two-fold difference in gradient of PPR-threshold change
in crustaceans (0.6 hour degree –1) as compared with
insects (0.28 hour degree–1) [6]. It seems possible that
studies on the relationship of temperature and light on
diapause induction of aquatic insects could help clarify
the situation.
Although the temperature gradient of changes in
PPR-threshold and the existence of temperature optima
suggest a similarity of temperature effects on both
actively developing and diapausing organisms, there is
one essential difference. The change of direction of the
temperature transformation (growing or decreasing) is
opposite on short- or long-day diapause types.
Combined effects, in summary, happen when there
is an interplay of primary signal (e.g. photoperiod) and
physiologically important factors (e.g. temperature).
Temperature, for example, may either strengthen or
lessen the influence of photoperiod. When this occurs,
it is necessary to understand both factors well, even in
cases where only one of these factors seems to be
essential.
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REACTIVATION PROCESS IN ORANISMS WITH
DIFFERENT TYPES OF DIAPAUSE
Diapausing crustaceans in the marine environment
often stay on the bottom of deep sea basins where light
is almost absent, and temperature conditions stable
[123]. Diapausing stages of many freshwater crustaceans are primarily found in the deeper lightless parts of
lakes, too [26, 51, 98]. What, then, triggers diapause
reactivation? Literature reports are controversial.
Meanwhile, photoperiod is a frequently mentioned candidate [47, 70, 110]. Consequently, research in which
this factor was not considered or not controlled is now
considered doubtful. Here we review diapause reactivation mechanism for each type of diapause separately.
1. Embryonic diapause
The first experimental reactivation of embryonic
diapause with controlled photoperiod was done on Daphnia pulex ephippia [93]. Summer ephippia were put in
darkness immediately after they were laid. At particular
intervals, subgroups of these ephippia were exposed to
a light regime approximating the light-spectrum of
sunlight. Then the intensity of hatching was monitored.
Time of hatching was found to depend on the previous
period of darkness. When there had been 2 - 6 weeks of
darkness, maximum reactivation occurred within the
first day. When the period of darkness was less than 2
weeks, reactivation - or diapause termination - radically
lengthened to 6 weeks. Embryos that were maintained
in constant darkness (control group) did not hatch. The
author speculated that light was also an obligatory
condition of summer diapause termination for D. pulex
[93].
Winter diapause in the embryos of this species was
interrupted by a long exposure (5.5 months) of ephippia
at a low temperature (3.5°C). The photoperiod effect
was considered poor, meaning that light was not an
obligatory condition for winter diapause termination.
Stross’ work [113], however, suggested that only one
long-day light impulse (modeled by two short periods of
illumination) might be enough to synchronize the end of
embryonic winter diapause.
Uye et al. [123] used marine calanoids (6 species)
collected from the shelf-bottom. The strongest triggers
of reactivation were temperature and oxygen concentration. Light conditions had no influence.
Using Diaptomus oregonensis, Cooley [38] again
found that temperature played a major role in triggering
reactivation of diapausing eggs. Hatching rates corresponded to the amount of time embryos had spent under
low temperatures. Maintenance of eggs under a constant high temperature prolonged the time before exit-
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ing from diapause, and reduced embryo survival. In
both cases, however, embryos took 3 months to complete reactivation, even though in nature the eggs would
be maintained at a low temperature until the end of
reactivation. The minimal mortality under the lowtemperature regime suggests that this is the ecological
norm of survival of diapausing embryos.
Nauplia of the brine shrimp Artemia salina
(Phyllopoda) are economically important as a food in
industrial fish breeding. Although Spectorova [106]
studied diapause termination in this species, her methods and experiments were developed from a pragmatic
interest in improving the technological aspects of culture.
Such essential data as light and gas regimes are absent
in these publications, nor are dates of sampling or egglaying typically mentioned. These omissions have led
to some contradictions in the literature about A. salina
diapause, and thus make additional experiments
necessary. Despite the confusion, it is clear that oxygen
is necessary for diapause termination in the embryos,
and that light participates in synchronizing this process
[29].
Early studies considered it necessary for eggs to be
dried to accelerate reactivation of phyllopods. In 1964,
however, Askerov and Sidorov reactivated eggs of Apus
(Triops) cancriformis and Leptosteria sp. without drying the eggs [24]. Instead they used frequent water
changes, which caused an increase in oxygen concentration.
Even though the factors that affect reactivation
(temperature, photoperiod, oxygen concentration) are
the same in winter and summer diapauses, their relative
importance differs. For example, light is more important for summer diapause. Temperature sometimes
strengthens, but sometimes weakens, the reactivation
processes. The key factor in terminating winter embryo
diapause is the duration of exposure to low temperatures.
Light and oxygen then promote a more synchronized
exit from diapause.
2. Larval diapause
Termination of larval diapause was originally considered to be linked only with the seasonal dynamics of
temperature [97]. For example, Coker [36] found that
when copepodites of Acanthocyclops vernalis maintained in their mud habitat under low temperatures were
changed to a high temperature regime, diapause ended
and the planktonic phase began [36].
More detailed data was obtained by Fryer and
Smyly [51]. They collected diapausing cyclopoids
(Mesocyclops leuckarti) in the pelagic zone in the normal winter diapause phase. However, regardless of
whether they were kept under high or low temperatures,

time of reactivation was the same. No record was kept
of survival statistics.
Using the same species, Smyly [105] established
that reactivation of individuals collected mid-winter
could be triggered either by a rapid increase of temperature or by continuous maintenance at 4°C.
Einsle’s [47] studies on C. vicinus in Lake
Constance showed that although oxygen depletion could
delay reactivation, it could not interrupt it. Neither the
presence of food nor light intensity had an effect on exit
from diapause. Instead, day-length had the greatest
effect on accelerated reactivation. The critical value
was 15 hours of light.
Additional studies agreed that photoperiod was
important in reactivation of the species [107]. A combination of day-and-night illumination with a temperature of 20°C was enough to cause Diacyclops navus to
exit from larval diapause [125].
One area that has been poorly studied is the role of
separate factors in the termination and reversibility of
larval diapause. When studies were conducted to see
how decreased temperatures interrupt early embryonic
diapause, they did not control light conditions [37, 130].
As these experiments were performed in summer it is
assumed that a long-day photoperiod facilitated this
process.
Conclusions about larval diapause generally coincide with previous findings on embryonic diapause.
The first stage of reactivation occurs under low
temperatures. It is determined by the time of exposure
to the temperatures. In the last stage, three factors may
influence reactivation. Light (photoperiod), and/or a
change of oxygen concentration, or temperature increase can accelerate reactivation.
3. Adult diapause
Transition of the shrimp Palaeomonetes pugio to
diapause was reached by increasing the temperature
from 10°C to 25°C [70]. The efficiency of this process
depended on the day-length. Under a constant photoperiod (10.5 h) almost half (43%) of the experimental
animals reactivated. Longevity of reactivation was
determined by the date of sampling [70]. Specimens
collected mainly in November started to respond to
photoperiod and temperature increased no earlier than
two months after being transferred to laboratory
conditions.
Crisp & Putel [41] found that light could affect
acceleration or delay of maturation in the cirripedian
genus Balanus. It was found that in three different
species (Balanus balanoides, B. balanus and B. crenatus)
three different critical temperatures (10 - 12°C, 10 - 14
°C, and 17°C, respectively) were necessary for
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reactivation.
Tsukerzis & Shyashtokas [120] were able to induce early termination of diapause with the crayfish
Astacus astacus. Females with eggs were collected at
the end of December. Then they were kept at a constant
temperature of 2 - 3°C for 15 days. Gradually the
temperature was raised to 19 - 20°C and termination of
diapause both in embryos and adults occurred in 45
days. That was almost 5 months earlier than observed in
nature. Unfortunately, light conditions were not controlled or monitored in these experiments.
With the more southern species Astacus leptodactilus cubanicus the period of temperature reduction
needed to reactivate individuals was half as long [118].
When this species had been transferred from nature to a
temperature of 14 - 15°C its copulation began in January
instead of April, as observed in nature. Again, the
authors did not report on the photoperiodic conditions
of this experiment.
Illumination and temperature were controlled in
experiments by Westin & Gydemo [129]. Manipulations of water temperature allowed for a doubling of the
number of reproductive periods of the crayfish A.
astacus. The authors concluded that light conditions
affected neither induction nor termination of diapause.
However, their conclusion was apparently premature.
Even though by that time others had demonstrated the
efficiency of directional change (increasing or
decreasing) in photoperiod [65, 70, 108], Westin &
Gydemo did not consider directional change.
Such remarks may be applied also to reactivation
of the shrimp Macrobrachium australense [68]. Symmetric values (0 and 36 hours of illumination) of photoperiod did not affect the initiation of copulation. Copulation started only after temperatures increased to 25
°C. The time interval between first temperature increase and initiation of spawning depended on when the
shrimp were collected. For those collected at the beginning of winter the interval was about 50 days. When
they were collected at the end of winter, it was 30 days.
And, in the middle of spring, it was about 10 days.
Diapause termination has been studied in isopod
Acmadillidium vulgare. In different populations of this
species Juchault et al. [66] were able to generalize the
dependency relationship between reactivation time and
latitude. Temperature had either a weak or nonexistent
effect on reactivation time. Mocquard et al. [83] demonstrated the significance of photoperiodic conditions
for synchronization of reactivation processes in this
species.
In gammarid Gammarus lacustris, March [77]
showed that during the last stage of diapause light
conditions had a significant effect on terminating the
diapause. Therefore, as a trigger, conditions of light
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eclipse those of temperature.
Many histological studies have looked at ovarian
cycles of Decapoda [83, 87, 97]. They find that temperature and photoperiod are important for maturation
of these crustaceans.
In summary, reactivation of adult diapause is similar to other types of diapause. In nature there is a rather
long period under low temperatures. Transferring crustaceans to a high temperature during the refractory
phase does not accelerate the process. Instead, it
desynchronizes it and increases mortality [76]. Using
this property of diapause, artificial termination of diapause can be induced in crustaceans. Reversal of diapause may also be achieved. Time of diapause termination may be prolonged.
This review shows that both induction and termination of diapause are caused by the action of a similar
complex of external factors (e.g., photoperiod,
temperature), but the relative significance, mechanisms,
thresholds of sensitivity, and limits of action are different for induction and reactivation.
RESEARCH APPLICATIONS IN SCIENCE AND
TECHNOLOGY
A wide range of research fields, including aquaculture, invasive species control and space programs
would potentially benefit from a deeper understanding
of diapause. The level of research, however, in this field
at the moment is a tiny fraction of what it could be. We
hope to stimulate such research by elaborating on some
of the possible applications.
Although the influence of diapause at the population and community level is, of course, of great interest
in ecology, few aquatic studies take diapause and its
consequences into account because it is so difficult to
quantify the order of magnitude of the individuals emerging from diapause [6, 45, 59, 79, 133]. This difficulty
increases when individuals of the same species enter
diapause, emerging at different times and producing
overlapping cohorts.
Resting eggs (or other resting stages such as larvae,
adult) accumulated in the surface lake sediments represent a “bank” of zooplankton species that assures their
persistence in a community, in spite of periodic harsh
conditions [34, 45, 62]. This strategy is of fundamental
importance in aquatic studies on biodiversity and natural conservation [39].
Studies on the vertical distribution of resting eggs
in sediment cores yield important information. Inferences can be made on variations of the environment
over time. Changes over time in the populations which
produce resting eggs, and the genetic differences between recent and past populations of the same species
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can be made [127]. Copepod resting eggs are particularly useful to reconstruct the history of their
environment, since no information can be obtained from
the exoskeleton, which is easily decomposed in contact
with the sediments. This opens important perspectives
for paleolimnological climate reconstruction and paleoecology [124].
Cultivation of live food, like rotifers, Daphnia,
Artemia or marine copepods is an expanding application of practical use of diapause in modern aquaculture
[82]. A better understanding of the timing mechanism
of dormancy in these and many other species promises
increase in efficiency of these biotechnologies [136].
Biotechnologies can now be imagined for maintaining ecosystems outside the Earth’s biosphere.
Using dormant plants and animals, one can envision the
actual possibility of humans colonizing our nearest
planets [12]. Resting stages provide at least two properties highly suitable for such ecosystems. They can
easily be transported in space for a long time without
special care as compared with an active ecosystem.
Also, storage of seeds and diapausing animals will
provide a reserve in case the active part of an ecosystem
is destroyed by, for example, an unpredictable meteorite strike.
The term alien species takes on a new meaning
when one considers another aspect of space biology.
One day we will wish to know how to avoid contamination of other planets where life is possible with Earth
organisms accidentally transported on space-research
apparatus and human-led expeditions. The very strong
stability of resting stages of primitive organisms, in
particular, produces a real danger for such interplanetary penetration of alien species from the Earth. This
ability of resting stages of many organisms to survive in
open space is now under practical testing in order to
produce biotechnology for interplanetary quarantine
[12, 89].
Many studies demonstrate that diapause provides
the advantage of promoting colonization of new environments by facilitating the passive transport of the
resting stages, for example, the ephippia [11, 33, 58].
By enlarging the distribution area of the species, colonization of new environments could be a safeguard
against its extinction. Furthermore, because diapausing
animals are selected to overcome adverse periods, they
have the advantage of being able to retain this characteristic in new environments as well. Thus it would be
important to develop technologies to guard against
invasions of these species via ship ballast waters or
similar ways [4, 13, 94].
It might be useful to consider diapause and its
genetic mechanisms as a model of medical situations
related to activation/suppression processes. Diapause

mechanisms may, as well, be parallel with mechanisms
of lethargic dream syndrome, some post-traumatic
syndromes, some categories of disabled patients as well
as carcinogenesis and aging [40, 73].
Makrushin [72] observed that destructive and proliferative phenomena in diapause of some lower invertebrates are similar to destructive processes known in
cancer of vertebrates. He speculated that there is a
parallel between these particular pathological processes
in vertebrates and seasonal body reduction associated
with formation of the resting stage known in primitive
metazoans. Following his hypothesis, cancer cells appear as a result of regressive development of tissue cells
caused by activation of an ancient program (sleeping
gene) of diapause formation.
When it was first published, the hypothesis was
not taken seriously. There was very little critique by
medical scientists or biologists, and the hypothesis was
by no means considered testable. But to everyone’s
surprise, data obtained from molecular genetic studies
of the nematode Caenorhabditis elegans support the
idea of a common genetic basis for diapause and aging
[52].
Recent studies have suggested that in C. elegans
gene expression changes between the third larval stage
diapause and reproductive development. A cascade of
genes and their gene products mediates this choice
between diapause and active development in C. elegans.
These include daf-9, a cytochrome P450 gene related to
steroidogenic hydroxylases and daf-12, a nuclear receptor gene encoding for those lipophilic hormones that
control the physiological status of an organism [52].
A simple model is that the daf-9 gene produces a
hormone regulating daf-12. Its gene product bypasses
diapause, promotes reproductive development and, perhaps also shortens the life span. This hormone might be
a sterol [53]. Expressed in potential endocrine tissues,
daf-9 appears to control developmental decisions for
the entire organism. Recent findings implicate daf-9 as
a central point of developmental control, producing
hormonal signals that regulate C. elegans life history
[52].
The choice between development and diapause
can be regulated by several substances. Insulin is one
such substance. Other signals which control the diapause program throughout the body are some specific
peptides (TGFb) and serotonergic signaling [48]. Insulin and TGFb peptides are synthesized in response to
environment stimuli, mainly from sensory neurons [69].
Alternatively, complex of the daf-3 and daf-5 genes
affects a shift to diapause in adverse environments when
TGFb inactivates daf-3 and daf-5, thus allowing reproductive development [42, 53]. There is evidence that
both insulin and TGFb receptors convey signals through
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downstream secondary endocrines and that daf-2 regulates diapause and life span by systemic signals [19,
134]. Much of this information has been collected from
studies in which experimentally elicited mutants had
lost either the capacity to activate cytochrome P450
(daf-9) or, alternatively, the nuclear receptor responsible for lipophilic hormone production (daf-12).
Mutants null for the gene daf-9 form diapausing
larvae constitutively and have a life span about 25%
longer than the normal form. Somewhat oppositely,
daf-12 null mutants fail to form diapausing larvae and
live short lives [18, 53]. These observations establish a
link between diapause and aging. There is also a link
between aging and carcinogenesis [17].
The genes daf-9 and daf-12 have been linked with
diapause. They have now been found in a very wide
range of organisms from yeast to vertebrates. The
genetic program coding diapause can either be actively
used by organism, or simply kept “in reserve” by the
genome without being expressed.
We here suggest a new hypothesis for carcinogenesis based on diapause gene expression. In cancer
tumours there is a sudden shift from a quiet state to a
state of fast division. We propose that it is the same
mechanism responsible for diapause, for normal metabolism and also for the more active metabolism observed in some organisms after diapause termination [7,
23]. Further, this mechanism results from the activation
of single gene (group of genes?) and it is hormone
driven. Normal metabolism is the standard state of cells
in an organism, and it is supported by a balance between
the hormones activated by metabolism and those suppressed by metabolism. Both balance and misbalance
as a normal adaptation to environmental demands have
in fact been demonstrated in the moulting cycle of
decapods [1, 7].
In this way, carcinogenesis then can appear as the
result of an abnormal hormonal misbalance. The mechanism behind this could be triggered in a cell as a result
of gene damage, whether from chemicals, radioactive or
viral agents, or other causes. In this hypothetical cell,
some normally-sleeping genes responsible for more
active metabolism would suddenly become activated
and the organism loses control of metabolism and division in these cells. In a normal, healthy organism, the
immune system is able to recognize and kill these outof-control cells. In our supposed scenario, however,
such a cell survives the immune system and starts
intensively reproducing itself like a post-diapause
embryo, developing into a carcinogenic tumour.
In our hypothesis, opposite to Cragie-Makrushin’s
hypotheses, cells in cancer tumours are parallel to
post-diapausing embryonic cells driven by an out-ofcontrol hormone-activator. They are characterized by
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higher metabolic activity and division, as shown for the
reactivated Daphnia embryo [24].
Our hypothesis, if substantiated through testing,
will provide clinical scientists with diapause as a new
model for cancer research. With it comes the promise of
new medicine or treatment types aimed at normalizing
the balance in hormonal mechanisms of cell metabolism.
CONCLUSION
Diapause is a very profound and ancient adaptation found in many classes of aquatic animals and
plants. It appears likely that there is a monophyletic
origin for this adaptation, as there is a similarity in the
molecular basis and genetics of diapause mechanisms
among organisms. Study on diapause in aquatic organisms opens many new scientific directions and technologically important applications in such fields as space
research and invasive species control. When medical
conditions originate from a misbalance in the activation/suppression process, diapause may offer a useful
model for innovative treatment approaches. A new
hypothesis of carcinogenesis process states that tumour
cells are parallel with post-diapause embryonic cells.
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